∘ hybrid coupler has been presented and implemented in planar microstrip circuit. With similar structure of conversional 2-section branch-line coupler, the proposed coupler consists of a lumped high-pass network but not the quarter wavelength transmission at the center. The values of all lumped elements were optimized to replace a quarter-wavelength transmission line with a phase inverter. To demonstrate the proposed concept, a 1-GHz prototype was fabricated and tested. It achieves 90% impedance bandwidth with magnitude of S11 less than −10 dB. Within this bandwidth, more than 13 dB port-toport isolation, less than 5.0 degree phase imbalance, and less than 4.5 dB magnitude imbalance are achieved, simultaneously. The proposed coupler not only achieves much wider bandwidth but also occupies less circuit area than that of the conversional 2-section branch-line coupler.
Introduction
Branch-line coupler is one of the fundamental components in RF/microwave front-end systems. It is a 4-port device that divides and/or combines power simultaneously with port-to-port isolation and 90 ∘ phase shift. These features make the branch-line coupler extremely useful in various applications such as antenna feeding network, phase shifter, balanced amplifier, and mixer. Bandwidth and compactness are two important design issues to meet the demand of the high performance systems. The bandwidth can be enhanced by increasing the number of sections, but the size will be increased. With the restriction of the line width, the characteristic impedance of the transmission line is limited to about 400 Ω; hence, the number of sections is limited to 3 or 4.
Recently, various wideband and/or compact couplers have been proposed. Multisection technique is conventional and effective way to enhance bandwidth of the branch-line coupler. Several multisection branch-line couplers integrated with pattern ground structure [1] , coupled line [2] , and loaded line [3] were demonstrated. These works achieve more than 70% bandwidth. Series stub matching presents a simple way to broaden bandwidth with limited improvement [4] . A quadrature hybrid coupler using metamaterial transmission line, which achieves 67%, was proposed in [5] . However, a crossover is required for the coupler and the coupler introduces 6 dB insertion loss instead of 3 dB for the signal division. Figure 1 shows the schematic diagram of the wideband 90 ∘ hybrid coupler using phase inverter, which was firstly proposed in [6] and analyzed in [7] . The physical size of the proposed design is close to a conventional 2-section branch-line coupler, but its performance is similar to a 4-section branch-line coupler. The nature of parallel strip circuit requires double sided printed circuit broad fabrication technique, which increases the cost of the entire system. In this paper, a simple and lumped high pass network is used to replace the transmission line with phase inverter such that the proposed concept can be realized by pure microstrip circuit with keeping the advantages of being compact and wideband. Besides, the conventional SMA connector can be used for measurement of microstrip circuit; hence, no additional transition is required.
Proposed Design
The previously proposed wideband 90 ∘ hybrid coupler using phase inverter consists of 7 quarter-wavelength transmission Port 1 lines and a phase inverter as shown in Figure 1 . Design equations based on the even-and odd-mode analysis are presented in [7] , and they are
where , , and are the characteristic impedances of the quarter-wavelength transmission lines, is the power division ratio, and 0 is the port impedance. According to (1) , the circuit parameters of the proposed coupler with equal power division ( = 1) are
Phase inverter is the key of the previously proposed coupler, and it introduces a 180 ∘ phase delay without increasing the transmission line length. However, the phase inverter cannot be realized by the microstrip line, which is an unbalanced transmission line.
To replace the quarter-wavelength transmission line with characteristic impedance of = 50Ω and the phase inverter, a lumped high pass network with perfect passband and +90
∘ phase shift at 1 GHz is designed in this paper. Higher-order high pass network will have better approximation to a quarter-wavelength transmission line with 50 Ω characteristic impedance and the phase inverter theoretically; however, higher-order high pass network introduces more insertion loss and more tolerance due to the lumped elements and soldering. To balance this trade-off, the high pass network consisting of 4 series capacitors and 3 shunt inductors as difference are different at the lower frequency range, which is out of the range of working frequency band. The direct replacement is possible and it makes the circuit smaller.
The electromagnetic model of the proposed coupler was built in the electromagnetic simulation software, Zeland IE3D Version 10.1 [9] , with the dielectric substrate of 1.57 mm thickness and a dielectric constant of 2.2. Figure 4 shows the layout with physical dimensions of the proposed coupler. All dimensions of the coupler were finely tuned by using electromagnetic simulation software to take into account the effect of the discontinuities introduced by all T-junctions and the high pass network. The occupied area of layout of the proposed coupler is 4107 mm 2 (111 m × 38 mm). A conventional 2-section branch-line coupler is designed and simulated as a reference for comparison. The layout with physical dimensions is shown in Figure 4 , where the circuit parameters are 
Experimental Results
The proposed couplers were fabricated on the RT/Duroid 5880 substrate with metal thickness of 0.02 mm, substrate thickness of 1.57 mm, and dielectric constant of 2.2 by a standard printed circuit board fabrication technique. Figure 5 shows the photograph of the fabricated proposed coupler. The S-parameters of the coupler were measured by a vector network analyzer.
Figures 6(a) and 6(b) show that magnitudes of the -parameters of the proposed coupler and the conventional 2-section branch-line coupler, respectively. Significant improvement on impedance bandwidth is observed. The simulated impedance bandwidths with | 11 | < −10 dB of the proposed coupler and the conventional 2-section branch-line coupler are 50% and 87%, respectively. The measured relative impedance bandwidth is 87% (0.55 GHz-1.40 GHz) as shown in Figure 6 (c). Within this bandwidth, more than 13 dB portto-port isolation, less than 3 ∘ phase imbalance, and less than 4.5 dB magnitude imbalance are achieved.
The simulated frequency responses of the proposed coupler and the conventional 2-section branch-line coupler are shown in Figure 7 bandwidth of fabricated proposed coupler is 83% (0.58 GHz-1.41 GHz). The mismatch of the simulation and measurement is due to the inaccurate values of the capacitances and inductances and the neglect of physical sizes of the lumped elements and parasitic effect of soldering. The comparison of some previously published branch-line couplers and this work is summarized in Table 1 .
Conclusion

A wideband and compact 90
∘ hybrid coupler integrated with high pass network has been proposed. The proposed coupler achieves smaller circuit area and wider bandwidth than that of the conventional two-section branch-line coupler. The lumped high pass network replaces the phase inverter in our previously proposed concept of the wideband hybrid coupler. Most importantly, the proposed concept is realized on the planar microstrip circuit; hence the proposed coupler can be fabricated by the single-layer printed circuit board fabrication technique.
